Essential genes are thought to be critical for the survival of the organisms under certain circumstances, and the natural selection acting on essential genes is expected to be stricter than on nonessential ones. Up to now, essential genes have been identified in approximately thirty bacterial organisms by experimental methods. In this paper, we performed a comprehensive comparison between the essential and nonessential genes in the genomes of 23 bacterial species based on the Ka/Ks ratio, and found that essential genes are more evolutionarily conserved than nonessential genes in most of the bacteria examined. Furthermore, we also analyzed the conservation by functional clusters with the clusters of orthologous groups (COGs), and found that the essential genes in the functional categories of G (Carbohydrate transport and metabolism), H (Coenzyme transport and metabolism), I (Transcription), J (Translation, ribosomal structure and biogenesis), K (Lipid transport and metabolism) and L (Replication, recombination and repair) tend to be more evolutionarily conserved than the corresponding nonessential genes in bacteria. The results suggest that the essential genes in these subcategories are subject to stronger selective pressure than the nonessential genes, and therefore, provide more insights of the evolutionary conservation for the essential and nonessential genes in complex biological processes.
Essential genes are the genes that are indispensable for the maintenance of organisms. They play significant roles in many critical cellular processes, and hence are also considered the foundation of cellular life 1 . A wide variety of in vivo and in vitro approaches, including single-gene knock-out, transposon mutagenesis, antisense RNA and RNA interference, have been employed to identify the essential genes 2 . During the past decade, the application of the next-generation sequencing technology in the transposon mutagenesis has also facilitated various methods in the identification of the essential genes, such as TrsDIS, INSeq, HITS and In-seq 3 . As a consequence, the increase of the available essential genes promoted a broad spectrum of subsequent studies of essential genes, which are aiming at investigating the characteristics of the essential and nonessential genes. For instance, the essential genes are preferentially situated at the leading strand as well as in the cytoplasm, and enriched in protein complexes and enzymes [4] [5] [6] [7] . Therefore, these outcomes have led to a development of the predictive models to identify the essential genes [8] [9] [10] [11] . Additionally, the knowledge about the essential genes helps us to determine the universal minimal set of genes to sustain life and develop novel antibiotics to treat pathogenic bacterial infections, which will support the advancement of the pharmaceutical industry as well as the synthetic biology 12 .
It is well known that the rates of evolution have significant variations among protein-coding genes. If a protein plays a significant role in the cellular life, it should be under rigorous functional or structural constraints in response to the strong purifying (negative) selective pressure 13 . And its direct manifestation is the restriction of amino acid changes. The key principle for the identification of the essential genes is that the function absence of normal genes results in lethality or infertility in some special conditions 2 . Given these results, it is likely that the essential genes have a greater level of purifying selection pressure during the natural evolution. Some previous studies have reported that the essentiality of proteins plays an important role in the rates of evolution. Koonin et al. performed a genome-wide evolutionary analysis in three bacterial species, including Escherichia coli, Helicobacter pylori, and Neisseria meningitides, and found that the essential genes are evolutionarily conserved than the nonessential genes 14 . However, due to the limitation of data size at the time, a subset of the essential genes in their work were putative assumed based on the functional characteristics, rather than confirmed by experiments. Guo et al. also analyzed 16 different biological features on the evolutionary rate, and found that function essentiality is one of main contributors to the protein evolutionary rate variation 15 . We constructed a database of essential genes named DEG, which has collected and organized the records of both essential genes and essential non-coding elements by genome-wide gene essentiality screens, including bacteria, archaea and eukaryotes 3, 16, 17 . In this study, along with the availability of the essential genes identified by experiment from the DEG database, the previous finding, that the essential genes are evolutionarily conserved than the nonessential genes, was confirmed with 23 genomes of bacterial organisms. Furthermore, we examined evolutionary conservation based on the clusters of orthologous groups of proteins (COGs), and found that the essential genes in the COG functional categories G, H, I, J, K and L tend to have a lower rate of evolution compared with the corresponding nonessential genes. The results suggest the difference between the essential and nonessential genes in terms of evolutionary rates among various functional categories, and provide further insights into the evolutionary pressures acting on the essential and nonessential genes.
Methods
Ka/Ks estimation. The Ka/Ks ratio is the ratio of the number of non-synonymous substitutions per non-synonymous site (Ka) to the number of synonymous substitutions per synonymous site (Ks), which could be used as an indicator of selective pressure acting on the protein-coding gene 18 . We developed a workflow to estimate the Ka/Ks ratio of all the genes in 23 bacterial organisms, whose essential and nonessential genes are available in DEG database. Figure 1 presents the procedure of the estimation. For each organism, we randomly picked at least one homologous strain to find pairs of orthologous proteins with E-value less than 10 −5 based on BLASTP searches, and the orthologous protein with the highest score by BLASTP was selected for the further analysis 19 . All the complete genome sequences were downloaded via NCBI FTP from ftp://ftp.ncbi.nih.gov/genomes/Bacteria. The pairs of protein sequences were aligned by ClustalW2 with default options, and the nucleotide sequences were aligned to their corresponding amino acid sequences using Pal2Nal 20, 21 . Ka/Ks value was calculated by KaKs_Calculator1.2 employing the Nei-Gojobori method 22, 23 . And all the essential and nonessential genes were obtained from the latest release of DEG database, which is available at http://tubic.tju.edu.cn/deg/. During the Ka/Ks estimation, the majority of protein sequences in some homologous strains are precisely the same with the protein sequences in the original organism, so that the ratios of Ka and Ks of these homologous sequences could not be determined based on the Nei-Gojobori method. As a result, we only selected the strains that keep enough diversity in most protein-coding sequences.
Bootstrap analysis. In order to estimate the difference of evolutionary conversation between the essential and nonessential genes in each organism, we performed a bootstrap analysis by half-sampling with replacement from the original gene set over 1000 replicates. The average values for these resampled sets including Ka, Ks and Ka/Ks were then calculated. It should be noted that the genes without valid Ka or Ks value were excluded from the analysis.
COG analysis. The Clusters of Orthologous Groups of proteins (COGs) database is a useful tool for the functional annotation, and provides a consistent classification of bacterial and eukaryotic species based on orthologous groups 24 . In this study, all the essential and nonessential genes were divided into several functional subcategories based on the COG annotation (http://www.ncbi.nlm.nih.gov/COG/). It should be noted that owing to the absence of COG annotations, the genes of Bacteroides fragilis 638R were excluded in the COG analysis. The significance of difference for the Ka/Ks values between the essential gene and nonessential genes in each COG scope by organism was performed by Mann-Whitney U test. And the P-value less than 0.01 was considered statistically significant.
Analysis tools.
All the pipelines including BLASTP, ClustalW2, Pal2Nal and KaKs_calculator were executed by a custom python script. Biopython module was used to parse the GenBank and aln format files 25 . Statistical analyses were carried out using the Scipy and Pandas package. The figures were generated by the Python module Matplotlib 26 .
Results and Discussion
Essential genes are evolutionarily conserved than nonessential genes. In order to estimate the difference of evolutionary conservation between the essential and nonessential genes, we constructed a data set containing the essential and nonessential genes, which were determined in genome-wide screen. The gene set consists of more than 70,000 genes from 23 genomes of bacterial organisms. Table 1 represents the organisms used in this study. Then we identified and aligned more than 220,000 pairs of orthologous protein sequences based on BLASTP search, in which more than 180,000 pairs of proteins have valid synonymous (Ks) or nonsynonymous (Ka) substitution rates (see Methods). We also evaluated the properties of 180,000 pairs of proteins, and found that about 90% of them are with more than 30% amino acid identity and 50% minimum aligned residues by BLASTP searches. In addition, most of the rest of pairs with relative lower amino acid identity and length difference still have the same biological functions and COG assignments. This illustrates that with the condition of E-value less than 10 −5 , the most pairs of proteins we found are orthologous. Then the average Ka, Ks and Ka/Ks ratios of the essential and nonessential gene were calculated in each organism, and the levels of significance for the difference between the essential and nonessential genes were determined using the Mann-Whitney U test (Figure 2) . Based on the results, we could find that the ratios of Ka and Ks show significantly lower level for the essential genes than for the nonessential genes in most organisms, which indicates that not only non-synonymous sites but also synonymous sites are subject to some degree of selection pressure. In addition, Student's t-test was performed for the three averages between the essential and nonessential genes in all the organisms, and the differences are statistically significant (P = 0.0004, 0.001 and 0.0004, respectively). The lower three ratios of the essential genes, in particular, suggest that the essential genes are more conserved during the evolution, and consistent with the fact that the negative selection against amino acid replacements acting on the essential genes are more strict than on the nonessential genes.
In order to rule out the effect of the extreme values upon our results, the average values for Ka/Ks were evaluated by bootstrap analysis of 1000 replicates through half-sample resampling. Figure 3 reports the comparison for the distributions of the averages between the essential and nonessential genes by box plot. The result eliminates the influence of the abnormal values, and proofs that essential genes are often highly evolutionarily conserved than the nonessential genes across bacterial organisms to a certain extent.
However, in the Fig. 2 , we also found a significant reduction in Ka, Ks and Ka/Ks for the nonessential genes than for the essential genes in Mycobacterium tuberculosis H37Rv and Vibrio cholerae N1696. The highly conserved nonessential genes, throughout distantly related bacteria, have been found in other organism, which are termed persistent nonessential (PNE) genes 27 . Due to the restrictions of current experimental techniques to define gene essentiality, the PNE genes are only dispensable for short-term survival and growth under laboratory conditions. Nevertheless, from an evolutionary point of view, PNE genes are also essential for successful survival of the population under various external environment 28 . With the aim of testing whether the abnormal results is related to the PNE genes, we performed a rough estimate of the proportion of the PNE genes in these organisms. In this study, the nonessential genes, which did not exhibit any variations with orthologous proteins in the nucleotide sequences (Ka, The percentage is the proportion of PNE genes in the nonessential genes. The genome of S. wittichii RW1 only have single completely homologous genomes in NCBI, so that the percentage of PNE was not available. And due to the absence of homologous strains in A. baylyi, the three genomes were selected from the Acinetobacter genus. Ks = 0) and had homologous proteins in two or more organisms, were defined as PNE genes. Therefore, significantly higher percentages of the PNE genes for the two organisms than for other organisms are found, which means the PNE genes are enriched in the genomes of M. tuberculosis H37Rv and V. cholerae N1696 (See Table 1 ). And the enrichment of PNE genes indicates that a large amount of conserved nonessential genes were not recognized as experimentally essential genes, so the abnormal phenomenon do not conflict with the fact that the essential genes are evolutionarily conserved than the nonessential ones. In addition, for the pathogenic microorganisms, the most common antibiotics hit the only targets or pathways that are crucial for the organisms, and the proteins in these targets or pathways are often essential genes. As a result, the essential genes may be subject to the positive selection pressure, and evolve more rapidly than the nonessential genes in order to survive in some harsh and extreme environments. Finally, due to the limits of method, the selected homologous strains, which must keep enough diversity with original genome, may also have impact on the results. However, the conclusions drawn from the analysis of the evolutionary conservation in the 23 genomes of bacterial species are also valid.
Evolutionary analysis of the essential genes based on the COG terms. In order to further analyze the evolutionary conservation of the essential and nonessential genes in functional level, we classified all the essential and nonessential genes into 25 functional classes based on the COG subcategories. Consequently, a total of 54,175 genes in 22 organisms were classified in to 25 COG categories, while 11,359 genes had no COG assignments. Table 1 represents the numbers of COGs for the essential and nonessential genes in each organism. Then the Mann-Whitney U test was employed to test the significance of the differences between the essential and nonessential genes in each COG subcategory. The P-values less than 0.01 were considered statistically significant. A hierarchical clustering heat map, used to display the statistically significant COG categories in the 22 species of prokaryotic organisms, is present in the Figure 4 . Note that the genes annotated by COG codes R and S were excluded in this study, because the two categories are denoted as unknown function and general prediction function. And the COG categories B, Y and Z were not considered due to the absence of available essential genes in them. In order to unify the standard of conserved function subcategories, the COG subcategories, in which essential genes are conserved than nonessential genes in more than half of all organisms, are defined as conserved function subcategories. The reason, that we did not used the clustering result to define the conserved subcategories, is that the different hierarchical clustering approaches would lead to different clusters. From the Figure 4 , we could find that the essential genes from the functional subcategories with the COG codes G (Carbohydrate transport and metabolism), H (Coenzyme transport and metabolism), I (Transcription), J (Translation, ribosomal structure and biogenesis), K (Lipid transport and metabolism) and L (Replication, recombination and repair) are significantly conserved than the nonessential genes in more than half of all the organisms, and these COG subcategories are defined as conserved function subcategories in this research. Furthermore, the subcategories with COG codes C (Energy production and conversion) and U (Intracellular trafficking, secretion, and vesicular transport) also have statistical significance in no less than ten organisms. The COG subcategory M (Cell wall/membrane/envelope biogenesis) is conserved as well, because it is clustered into one group with other conserved subcategories based on the dendrogram and appears in nine organisms. Notably, the differences between the essential genes are not statistically significant in COG subcategories A (RNA processing and modification) and N (Cell motility). Due to only few genes annotated with COG code W (Extracellular structures), there is also no significant difference in this subcategory. In addition, the extraordinary circumstances, that the nonessential genes are conserved than the essential genes, are not extensively observed in this figure. It has been well known that the COG subcategories could be classified into four broad functional categories: (1) information processing and storage, (2) cellular processes, (3) metabolism, and (4) poorly characterized. The COG subcategories, in which the essential genes are significantly conserved than the nonessential ones, are mainly found in information processing and storage, and metabolism. Overall, from the results obtained so far, it seems that the highly evolutionary conservation for the essential genes than for the nonessential genes is often discovered in some central cellular mechanisms, which indicates that these biological processes expert stronger evolutionary pressure on the essential genes than on the nonessential genes.
Conclusion
In the presented work, by comprehensively analyzing the Ka/Ks ratio of the essential genes in 23 species of prokaryotic organisms, we have demonstrated that the bacterial essential genes are evolutionarily conserved than the nonessential genes. Furthermore, the essential genes in COG subcategories of G, H, I, J, K and L present more evolutionary conservation than the nonessential genes, which indicates the essential genes are under stronger selection constraint in these biological processes. The results provide further insights into the evolutionary conservation of essential genes, and help to develop novel gene essentiality prediction algorithms.
